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Objective: investigate the metabolic response of the spinal cord and the effect of allopurinol following cross clamping of
the descending thoracic aorta in a porcine model.
Design: experimental animal study.
Materials: twelve domestic swine. Six pigs were pre-treated with allopurinol, while six pigs served as controls.
Methods: measurement of extracellular concentrations of glucose, pyruvate, lactate, glycerol and glutamate using
microdialysis in the lumbar spinal cord. Measurement of lumbar spinal blood flow using laser Doppler technique.
Results: for all animals there was a significant decrease in concentrations of glucose and pyruvate together with a
significant increase in the lactate–pyruvate ratio during aortic cross clamping. There was also a significant increase in
glycerol concentrations 60 min after cross clamping, and a significant decrease in glutamate concentrations after 50 min.
No differences in concentrations of glucose, pyruvate, lactate and glutamate or the glutamate–pyruvate ratio were observed
between animals used as controls and those treated with allopurinol. The laser Doppler flux decreased to 40% of pre
cross-clamp level, returning to normal values at declamping.
Conclusion: the changes in energy-related metabolites reflect a considerable ischaemia in the spinal cord tissue but there
was no convincing effect of allopurinol on the lumbar spinal cord metabolism during thoracic aortic cross clamping in
this model.
Key Words: Spinal cord; Metabolism; Microdialysis; Allopurinol.
Introduction It has been claimed that neurological sequelae fol-
lowing operations performed during cross clamping of
In thoracoabdominal aortic aneurysm surgery para- the aorta are not only developing during the ischaemic
plegia is a well-known complication with an incidence period. Instead, much of the damage could take place
ranging from 0.5–38%, depending on the nature of the during the reperfusion period.4,5 Toxic metabolites of
aortic lesion, the extent of aortic replacement, and molecular oxygen, which represent intermediate states
whether the operation is acute or elective.1 The aeti- of the electrochemical reduction to water, have been
ology of spinal cord injury leading to paraplegia is suggested as mediators of reperfusion injury after
thought to be multifactorial. Some of the possible ischaemia in various organ systems, including the
mechanisms are decreased perfusion pressure during spinal cord.4,6 Oxygen derived free radicals produce
surgery, failure to re-establish blood flow to the spinal damage to the cell membrane through lipo-
cord after the aortic repair and a biochemically induced peroxydation and perioperative pharmacological
reperfusion injury. To reduce the incidence of para- interventions to scavenge reactive oxygen metabolites
plegia different techniques have been applied, in- have been tried.5,7–9
cluding reduction of cerebrospinal fluid pressure, The xanthine oxidase system, which mediates con-
hypothermia, various shunting and perfusion pro- version of hypoxanthine to xanthine, is a primary
cedures as well as pharmacological protection of the source of oxygen-derived free radicals in tissue isch-
spinal cord.2,3 aemia followed by reperfusion. Allopurinol is a com-
petitive xanthine oxidase inhibitor and may therefore
∗ Please address all correspondence to: T. Ba¨ckstro¨m, Department be able to reduce the amount of oxygen-derived freeof Thoracic Surgery, Karolinska Hospital, SE-171 76 Stockholm,
Sweden. radicals produced during aortic surgery.10 Allopurinol
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has previously been investigated for protection against A two-segment laminectomy was performed at the
L2–L3 level. After skin incision, the muscles attachedspinal cord ischaemic injury during cross-clamping of
the thoracic aorta in baboons11 and pigs,9,12 assessed to the spinous processes and laminae of the L2 and L3
vertebrae were separated from the bone by bluntwith neurological outcome and changes in blood flow
of the spinal cord using radiolabelled microspheres, dissection. The spinous processes of L2 and L3 were
removed with a bone cutting forceps, and the laminaebut with inconclusive results. The purpose of the
present study was to further characterise the meta- excised with a rongeur. After laminectomy, the epi-
dural fat was gently dissected to expose the durabolism of the spinal cord during proximal aortic cross
clamping. We applied a porcine experimental model, mater. The dura and the arachnoid membrane were
opened with a longitudinal incision in the midlinepreviously used by us.13 In this model thoracic aortic
cross clamping caused a significant decrease in the corresponding to the entire length of the laminectomy.
After a stabilisation period of 60 min, data samplingmicrocirculation of the spinal cord. Measurements
were performed by using the technique of micro- was started and basal values were obtained for 30 min,
after which the thoracic aorta was cross-clamped anddialysis14 and laser Doppler flowmetry. Microdialysis
has been used in a preliminary series of experiments the azygos vein occluded for 90 min. For practical
reasons this period will be described as the period ofand was found suitable.15 Further, we wanted to in-
vestigate whether the administration of allopurinol aortic cross clamping. The clamps were then removed
and further samples were collected for 30 min. Duringcould modify the metabolic response observed during
cross clamping and the reperfusion period. aortic cross-clamping 16 g/kg/min sodium nitro-
prusside and 50 mMol of sodium bicarbonate were
infused to control hypertension and to prevent acid-
Material and Methods osis, respectively. Five minutes before declamping, the
infusion of sodium nitroprusside was discontinued,
Anaesthesia and experimental conditions the respiration rate was increased to 20 strokes per
minute to counteract acidosis and 500 ml of 3.5% gel-
Twelve Norwegian landrace pigs of either sex with a atine solution (Haemaccel, Hoechst Marion Roussel)
median weight of 23 kg were divided into two groups were infused i.v. After declamping no vasoactive med-
of six animals each. In the control group, no allopurinol ication was given.
was given. In the other group the animals were pre-
treated with allopurinol, 50 mg per kg daily for three
days.16
The animals were premedicated with azaperone
(15 mg/kg i.m.) and diazepam (1 mg/kg i.m.). An- Microdialysis
aesthesia was induced with i.v. injections of pento-
barbital sodium (25 mg/kg), ketamine (20 mg/kg) and A microdialysis probe (CMA-12, CMA Microdialysis
AB; Stockholm, Sweden) with a diameter of 0.64 mm,atropine (1 mg) through an ear vein, and was then
maintained with ketamine (20 mg/kg/hour i.v.), fen- membrane length of 2 mm and a molecular cut-off of
20 000 Daltons was inserted into the lumbar spinaltanyl (0.05 mg/kg/hour i.v.) and pancuronium brom-
ide (0.14 mg/kg/h i.v.). cord.
The perfusion fluid was a Ringer’s solution con-The pigs were tracheotomised and ventilated with
40% O2 in room air by a dual phase respirator pump taining 147 mMol Na+, 4 mMol K+, 2.3 mMol Ca2+, and
155.6 mMol Cl− per litre. The probes were connected to(Harvard Apparatus, U.S.A.) with a respiration rate
of 12 strokes per min and a tidal volume of 350 ml. A a microinfusion pump (CMA 102, CMA Microdialysis
AB, Stockholm, Sweden) and perfused at a rate ofsolution of glucose (35 mg/ml) and NaCl (3 mg/ml)
was infused (10 ml/kg/h i.v.) for basal fluid re- 2 l/min. Microdialysis sampling was done in ten-
minute fractions with an automated collector (CMA/quirements. A catheter was inserted into the right
femoral vein for additional volume infusion at de- 142 Microfraction collector, CMA Microdialysis AB,
Stockholm, Sweden).clamping of the aorta. A heating blanket was used to
maintain normothermia during the procedure. The microdialysis samples were analysed on site
for glucose, lactate, pyruvate, glycerol and glutamateA left side thoracotomy was performed in the fifth
interspace. The descending thoracic aorta as well as concentrations by enzymatic fluorometric assays on an
automated analyser (CMA/600 Microdialysis analyser,the azygos vein was dissected, and the aorta was
prepared for cross clamping just distal to the left CMA Microdialysis AB, Stockholm, Sweden) using
peroxidase methodology.17,18subclavian artery.
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Table 1. Basal concentration of metabolites in the spinal cordLaser Doppler flux measurements
measured by microdialysis during the first ten minutes of the
stabilisation period prior to aortic clamping. Data are expressed
as median (25–75 percentile).A laser Doppler needle probe with a diameter of
0.45 mm (PF 302 needle probe, Perimed; Stockholm,
Substance Median (25–75 percentile)Sweden) was inserted into the exposed spinal cord
Glucose 0.09 (0.08–0.12) mMol/land connected to a laser Doppler system (PeriFlux
Pyruvate 8.60 (7.60–9.05) Mol/l4001 Master, Perimed, Sweden).
Lactate 0.12 (0.06–0.13) mMol/lThe laser Doppler signals were continuously Lactate–Pyruvate ratio 12.4 (10.5–14.9)
Glycerol 18.0 (9.75–19.8) Mol/lsampled with a frequency of 4 Hz to a personal com-
Glutamate 1.74 (1.14–2.32) Mol/lputer during the whole experiment, using a dedicated
data acquisition software (PeriSoft, Perimed, Stock-
holm, Sweden), which was also used for recording lactate, glycerol and glutamate as well as the lactate-
and analysis. Results are given as mean Perfusion pyruvate ratio for the first ten minutes of the basal
Units (PU) for periods of 10 min. period. Table 2 presents the per cent change from the
The measuring probes for microdialysis and laser basal value at 10, 60 and 90 min of aortic cross clamping
Doppler flux were inserted into the spinal cord ap- and 30 min after release of the clamp.
proximately 1 cm apart from each other in a ventro-
lateral direction as to be preferentially located in the
grey matter, and stabilised to the operating table to
(1) Microdialysissecure the obtained position. At the conclusion of
each experiment, the animal was sacrificed with an
Energy-related metabolitesoverdose of pentobarbital sodium i.v.
Both allopurinol-treated and control animals followed
the same pattern concerning the extracellular energy-Statistical analysis
related metabolites glucose, pyruvate, lactate and theData from the first 10 min of the basal period were
lactate-pyruvate ratio. There were no significant dif-recalculated to 100 as baseline values and changes
ferences between the two groups. The changes inwere calculated and presented in percentage of this
glucose levels and lactate-pyruvate ratios for the twobasal value.
groups are shown in Figure 1A and 1B.Differences within groups were assessed by two-
tailed Wilcoxon signed ranks exact test and between
1.1 Glucosegroups with two-tailed Mann–Witney U-exact test. A
Glucose concentration decreased significantly with theprobability of less than 0.05 was regarded as sig-
lowest level observed following 20 min of aortic crossnificant.
clamping when the values were 20% compared to
baseline (p=0.008) (Table 2, Fig. 1A). Twenty minutes
Ethics after declamping there was an increase to 139% of
The experiments were performed from March to Sep- baseline value (p=0.016).
tember 1998 and the protocol was approved by the
local responsible laboratory animal science specialist 1.2 Pyruvate
under the surveillance of the Norwegian Animal Re- In the sample taken during the first ten minutes after
search Authority (NARA) and registered by the cross clamping, there was an increase in pyruvate
Authority. levels to 20% of baseline levels (p=0.008) (Table 2).
During the clamping period a decrease of pyruvate
levels was observed from 20 min of cross clamping,
with levels from 50 to 60% of baseline (p<0.05). In the
declamping phase the pyruvate concentration in-Results
creased to levels similar to those observed prior to
cross clamping.In the following we are comparing median values
before, during and after aortic cross clamping in all
animals. Furthermore, we compare median values for 1.3 Lactate
Lactate levels increased significantly after aortic crossthe control group with the median values for animals
treated with allopurinol. clamping. During the cross-clamp period, values from
120 to 380% of base line levels were observed (p<0.05)Table 1 shows the median and the 25 and 75 per-
centiles of microdialysis values for glucose, pyruvate, (Table 2). In the declamping phase there was a further
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Table 2. Per cent change in glucose, pyruvate, lactate, glycerol and glutamate concentrations, lactate-pyruvate ratio and spinal cord
flux prior to aortic cross-clamping (Pre1), during cross-clamping (XC1=10, XC6=60 and XC9=90 min) and 30 min (DC3) after release
of the clamp. For each variable, values are given for the control group and for the group pre-treated with allopurinol. There are
missing values for some animals due to technical reasons. Data are expressed as median (25–75 percentile).
Pre1 XC1 XC6 XC9 DC3
Glucose
Control 100 70 (64–80) 20 (16–23) 22 (11–35) 130 (90–139)
n 6 6 6 6 5
Allopurinol 100 82 (82–90) 27 (25–27) 31 (11–35) 140 (110–150)
n 6 6 5 6 5
Pyruvate
Control 100 120 (110–120) 56 (54–63) 58 (50–62) 86 (86–110)
n 6 6 6 6 5
Allopurinol 100 120 (110–130) 69 (49–69) 50 (41–56) 92 (81–94)
n 6 6 5 6 5
Lactate
Control 100 140 (120––160) 660 (390–720) 670 (450–730) 630 (410–670)
n 6 6 6 6 5
Allopurinol 100 100 (120–160) 310 (250–350) 350 (300–380) 380 (320–460)
n 6 6 5 6 5
Lactate/Pyruvate
Control 100 120 (110–140) 1070 (680–1260) 1190 (710–1400) 760 (340–780)
n 6 6 6 6 5
Allopurinol 100 92 (88–94) 460 (440–670) 760 (610–930) 390 (390–410)
n 6 6 5 6 5
Glycerol
Control 100 75 (66–77) 140 (110–160) 170 (140–200) 180 (160–200)
n 6 5 6 6 5
Allopurinol 100 78 (73–89) 100 (100–110) 120 (110–120) 200 (170–200)
n 6 6 5 6 6
Glutamate
Control 100 72 (71–86) 56 (38–71) 54 (34–63) 73 (39–89)
n 6 6 6 6 5
Allopurinol 100 73 (58–160) 55 (45–55) 55 (49–67) 60 (25–60)
n 6 5 6 5
Spinal cord flux
Control 100 47 (38–55) 67 (45–86) 54 (35–83) 81 (68–92)
n 6 6 6 6 6
Allopurinol 100 54 (37–79) 57 (51–58) 55 (48–66) 35 (27–78)
n 6 6 5 5 3
Fig. 1A. Glucose levels expressed as per cent changes from basal values.
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Fig. 1B. Lactate–pyruvate ratio expressed as per cent change from basal values.
increase in lactate levels, and no significant decrease between controls and allopurinol-treated animals (Fig.
1D).was observed during the 30 min that followed after
removal of the aortic cross-clamp.
1.4 Lactate–pyruvate ratio
Also the lactate–pyruvate ratio increased significantly (2) Laser Doppler measurements
during aortic cross clamping, with a maximum 90 min
after application of the clamp when the ratio was 760% The microcirculation of the spinal cord, expressed as
of baseline (p=0.008). Although the values showed a perfusion units (PU), was recorded with laser Doppler
tendency to decrease after release of the clamp, they technique. The flux expressed in PU decreased during
were still significantly elevated compared to baseline the period of aortic cross-clamping for the group as a
values. (Table 2, Fig. 1B). whole with values varying from 84 to 38% of baseline
(Table 2). During the first ten minutes of cross clamping
and after 50 minutes, the values were significantly1.5 Glycerol
lower than the values obtained prior to cross clamping.In all animals, the glycerol concentration of the spinal
A return to baseline levels was observed in the de-cord decreased significantly (p=0.016) following ten
clamping phase.minutes of aortic cross clamping. Then there was a
There were no statistically significant differencessignificant increase following 60 min of cross clamping
between controls and allopurinol-treated animals.(p=0.031). The increase continued with a maximum
in the late declamping phase. There was a tendency
of lower glycerol levels in the allopurinol group com-
pared to controls, 60 and 80 min following aortic cross-
clamping respectively (p=0.056), but the difference Discussion
did not reach statistical significance (Fig. 1C).
In our first series of microdialysis during spinal cord
ischaemia15 we found changes of the energy-related1.6 Glutamate
Increased glutamate levels were recorded during the metabolites, with decrease of glucose and increase of
lactate, but glutamate levels, which should be relatedstabilisation period and the glutamate levels decreased
continuously from the start of measurements with to nerve cell damage, did not increase.
The present study was undertaken to investigatelevels significantly lower than baseline at 50, 60 and
70 min following aortic cross-clamping (p=0.031). further the experience from the preliminary series and
furthermore, to evaluate a possible preventive effectThereafter the glutamate level stabilised and there
was no subsequent increase neither during late cross of allopurinol, as indicated by a less pronounced de-
crease of the energy-related metabolites during andclamping or during the reperfusion period.
There were no statistically significant differences after ischaemia.
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Fig. 1C. Glycerol levels expressed as per cent changes from basal values.
Fig. 1D. Glutamate levels expressed as per cent changes from basal values. The figures 1A–D all has the same format and depict the time-
course of the measured concentrations of metabolites. The ordinate is per cent change from basal values, with the values for the first
10 min of the basal period all recalculated to 100. Pre1–Pre3, XC1–XC9 and DC1–DC3: samples drawn every ten minutes during the 30-
min basal period (Pre), 90-min cross-clamping period (XC) and during the 30 minutes after declamping (DC) respectively. The continuous
line connects the measurements for the allopurinol-treated group and the broken line the measurements for the control group. (For 25–75
percentiles, see Table 2). Arrows indicate cross clamping and declamping.
Glucose, pyruvate and lactate not necessarily indicate tissue hypoxia.19 The lactate–
pyruvate ratio can however distinguish hyper-
The significant decrease in concentrations of the energy metabolism from hypoxia and ischaemia. Lack of
intracellular O2 slows down or stops the oxidativerelated metabolites glucose and pyruvate together with
the significant increase in the lactate-pyruvate ratio phosphorylation leading to an inability to handle the
H+ being generated in the citric and glycolytic cycles.reflects a considerable ischaemia in the spinal cord
tissue during aortic cross clamping. This in turns forces pyruvate to become the primary
H+ acceptor and mass action causes formation ofDuring ischaemia more glucose is utilised than the
amount available, giving a shift to anaerobic meta- lactate as an end product. Therefore, the increased
lactate levels in hypoxia and ischaemia will be as-bolism producing lactic acidosis. The most common
reason for lactate accumulation is the intra-cellular sociated with an increase in the lactate/pyruvate ratio
compared to hypermetabolism, where the lactate andlack of oxygen. Tissue lactate can however fluctuate
considerably due to variations in neuroendocrine ac- pyruvate concentrations will increase to the same ex-
tent keeping the lactate-pyruvate ratio at an unchangedtivation that affects lactate production and utilisation.
Hyperlactataemia is also a part of the metabolic level.20
Most of the extracellular fluid metabolites measuredresponse to stress and trauma and these changes do
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with microdialysis may be derived from cells within not normalised until 60 min after cross clamping of
the aorta.the ischaemic cord, but leakage of substances from the
blood due to opening of the blood-spinal cord barrier On the other hand, one would expect an increase
of the glutamate concentration as a response to theis also possible. Although this mechanism might be
of minimal importance during the clamping period ischaemic injury of the spinal cord during aortic cross
clamping. This was not the case in the present ex-due to the low perfusion, it may become significant
during the reperfusion period. periments, and one explanation could be that the
degree of ischaemia in the spinal cord was insufficient.
Thus, the laser Doppler flux values of approximately
40% of basal levels before declamping might imply a
Glycerol reasonably good collateral circulation to the cord. On
the other hand, the lactate and pyruvate levels fol-
Increased concentration of the fatty acid glycerol in lowed a pattern consistent with a considerable degree
the extracellular fluid is regarded as an important of ischaemia. Another explanation might be that the
marker for cell membrane disintegration since glycerol time of ischaemia was still limited. However, 90 min
is an integral component of the double layer of most of aortic cross clamping makes this latter explanation
cellular membranes in the body. Cell damage and unlikely.
calcium influx activates phospholipases, which start
the membrane break down, and liberation of glycerol
into the extracellular fluid. Extracellular glycerol levels
in the brain of trauma patients have been investigated Laser Doppler flowmetry
previously21 and elevated glycerol levels have been
reported. Experimental studies in rats22 have confirmed The spinal cord flux decreased to the same extent
as previously reported with 30 min of aortic crossthese findings.
Thus, the tendency of lower levels of extracellular clamping in a similar model, but without using la-
minectomy.13 This indicates a significant decrease in theglycerol in the allopurinol treated animals could in-
dicate a less pronounced ischaemia-induced break- spinal cord microcirculation. Although a one-segment
laminectomy and an intact dura mater in a felinedown of the cellular membranes in this group. In
addition, the general rise in glycerol may partly be model reduced spinal cord blood flow significantly
(22% to 45%),31 laminectomy did not in itself reduceinduced by increased sympathetic activity since ex-
tremely high serum catecholamine levels have pre- the spinal cord microcirculation in the present model
compared to our previous experiments.15viously been found during aortic cross clamping in a
similar experimental model.23
Conclusion
Glutamate
The study verifies our preliminary findings that only
energy related metabolites are affected during aorticIn this series with 90 min of cross clamping, we found
a significant decrease in glutamate levels, confirming cross clamping. Furthermore, the increased glycerol
levels indicate a breakdown of cellular membranes.our previous observations with 60 min of aortic cross
clamping using the same model.15 Microdialysis of the Whether a more extensive period of ischaemia is neces-
sary to induce increased glutamate concentrations re-spinal cord during aortic cross clamping in pigs has
been performed by Rokkas,24,25 who found an increase mains a controversial issue. Perhaps the collateral
blood flow to the spinal cord in the present ex-in extracellular glutamate levels during ischaemia.
Increased concentrations of glutamate, an excitatory perimental model is sufficient to prevent further
neuron damage, although the glucose and lactate levelsamino acid, have been regarded as a major risk factor
of irreversible ischaemic neuronal damage.26–30 were affected.
Only minor and statistically insignificant effects ofThe decrease of glutamate concentrations during the
first part of the ischaemic period might be explained allopurinol could be demonstrated, although an effect
on the breakdown of cellular membranes cannot beby an initial release of glutamate from the trauma
induced by insertion of the microdialysis catheter into ruled out. The minimal effect of allopurinol could be
due to insufficient dosage, but the pre-treatment dosethe spinal cord. The increased glutamate levels re-
corded during the stabilisation period are probably of allopurinol in pigs of 50 mg/kg for three or four
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injury caused by aortic cross clamping. J Thorac Cardiovasc Surgdays16,32 have been found effective when evaluated
1994; 107: 1203–1209.with red cell antioxidant state. 13 Aadahl P, Saether OD, Stenseth R, Myhre HO. Micro-
circulation of the spinal cord during proximal aortic cross-In conclusion, the ischaemic condition in the spinal
clamping. Eur J Vasc Surg 1990; 4: 5–10.cord, shown by a decreased laser Doppler flux and
14 Ungerstedt U. Microdialysis – principles and applications forchanges of energy related metabolites, is not affected studies in animals and man. J Int Med 1991; 230: 365–373.
15 Saether OD, Ba¨ckstro¨m T, Aadahl P et al. Microdialysis ofby pre-treatment of the animals with allopurinol in
the spinal cord during thoracic aortic cross-clamping in a porcinethe present experimental model. Further experiments
model. Spinal Cord 2000; 38: 153–157.
are necessary to explore whether the slightly lower 16 Godin DV, Ko KM, Qayumi AK, Jamieson WR. A method for
monitoring the effectiveness of allopurinol pretreatment in theincrease of glycerol in the allopurinol treated pigs is
prevention of ischemic/reperfusion injury. J Pharmacol Methodsan indication of cellular membrane protection.
1989; 22: 289–297.
17 Lloyd B, Burrin J, Smythe P, Alberti KG. Enzymic fluorometric
continuous-flow assays for blood glucose, lactate, pyruvate,
alanine, glycerol and 3-hydroxybutyrate. Clin Chem 1978; 24:
1724–1729.Acknowledgements
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19 Heljama¨e H. Lactate metabolism. Intens Care World 1987; 4:
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20 Mizock BA. Alterations in carbohydrate metabolism during
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